Approved  for  public  release.  Distribution  is  unlimited 
Archives  of  Biochemistry  and  Biophysics  491  (2009)  75-84 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Archives  of  Biochemistry  and  Biophysics 

journal  homepage:  www. elsevier.com/locate/yabbi 


Quinolinol  and  peptide  inhibitors  of  zinc  protease  in  botulinum  neurotoxin  A: 
Effects  of  zinc  ion  and  peptides  on  inhibition 

Huiguo  Lai^,  Minghao  Feng^,  Virginia  Roxas-Duncan Sivanesan  Dakshanamurthy Leonard  A.  Smith 
David  C.H.  Yang 

^  Department  of  Chemistry ,  Georgetown  University,  Washington,  DC  20057,  USA 

^Integrated  Toxicology  Division,  US  Army  Medical  Research  Institute  of  Infectious  Diseases,  Fort  Detrick,  MD  21702,  USA 
'^Lombardi  Cancer  Center,  Georgetown  University,  Washington,  DC 20057,  USA 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  22  July  2009 

and  in  revised  form  12  September  2009 

Available  online  20  September  2009 


Keywords: 

Zinc  protease 

Inhibitor 

Quinolinol 

Peptide 

Botulinum 

Neurotoxin 

Slow  binding 

Tight  binding 

Molecular  modeling 

Fluorescence  titration 


Quinolinol  derivatives  were  found  to  be  effective  inhibitors  of  botulinum  neurotoxin  serotype  A  (BoNT/ 
A).  Studies  of  the  inhibition  and  binding  of  7-(phenyl(8-quinolinylamino)methyl)-8-quinolinol  (QAQ)  to 
the  light  chain  domain  (BoNT/A  LC)  showed  that  QAQ  is  a  non-competitive  inhibitor  for  the  zinc  protease 
activity.  Binding  and  molecular  modeling  studies  reveal  that  QAQ  binds  to  a  hydrophobic  pocket  near  the 
active  site.  Its  inhibitor  effect  does  not  involve  the  removal  of  zinc  ion  from  the  light  chain.  A  24-mer 
SNAP-25  peptide  containing  El 83  to  G206  with  Q197C  mutation  (Peptide  C)  binds  to  BoNT/A  LC  with 
an  unusually  slow  second  order  binding  rate  constant  of  76.7  1V1“^  s“\  QAQ  binds  to  Zn^^-free  BoNT/A 
LC  with  a  Ku  of  0.67  pM  and  to  Peptide  C-BoNT/A  LC  complex  with  a  Ku  of  2.33  pM.  The  insights  of 
the  interactions  of  quinolinols  and  peptides  with  the  zinc  protease  of  BoNT/A  should  aid  in  the  develop¬ 
ment  of  inhibitors  of  metalloproteases. 

©  2009  Elsevier  Inc.  All  rights  reserved. 


Introduction 

Botulinum  neurotoxins  (BoNTs)^  are  the  causative  agents  of 
botulism  [1  ]  and  have  been  recognized  as  the  most  toxic  substances 
known  to  man.  BoNTs  have  found  broad  clinical  applications  in  an 
increasing  number  of  neurological  diseases,  such  as  dystonia,  mi¬ 
graine  headache,  and  others  [2].  However,  the  potential  nefarious 
misuse  of  these  neurotoxins  in  a  bioterrorist  action  could  result  in 
mass  casualties  requiring  post-exposure  therapy  [3].  Effective  med¬ 
ical  countermeasures  to  treat  victims  after  signs  and  symptoms  of 
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botulism  have  presented  are  limited,  and  therapies  to  target,  inacti¬ 
vate  and  clear  toxin  from  nerve  cell  are  being  actively  sought 
worldwide. 

The  structures  of  BoNTs  correlate  well  with  their  tripartite  func¬ 
tional  domains,  which  consist  of  a  receptor  binding  domain,  a 
translocation  domain,  and  a  zinc  protease  domain  [4].  The  associ¬ 
ated  zinc  proteases,  which  form  a  light  chain  (LC),  are  highly  spe¬ 
cific  to  soluble  N-ethylmaleimide-sensitive  factor  attachment 
protein  receptors  (SNARE),  which  mediate  cellular  and  vesicular 
membrane  fusion  during  neurotransmitter  secretion  [5].  Cleavage 
of  the  SNARE  proteins  by  the  LC  blocks  the  release  of  acetylcholine 
from  the  presynapses,  resulting  in  flaccid  paralysis  or  botulism, 
and  possibly  death  [6].  LCs  have  been  a  primary  target  for  the 
development  of  therapeutics  against  botulism. 

Several  “unusual”  properties  of  the  zinc  proteases  in  BoNTs 
have  been  discovered,  such  as  their  extraordinary  substrate  speci¬ 
ficity  [6],  the  extensive  substrate-protease  interactions  in  sub¬ 
strate  recognition  [7],  the  pivotal  roles  of  amino  acid  residues 
distal  from  the  active  site  in  substrate  binding  and  catalysis  [8,9], 
and  the  PRIME  and  molten  globular  states  during  catalysis  [10]. 

Recent  progress  in  determining  the  three-dimensional  structure 
of  BoNTs  has  provided  molecular  insights  about  these  neurotoxins 
and  a  computational  basis  for  designing  inhibitors  based  on  the 
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Structure  [4,11-15].  Recently,  quinolinol-based  compounds  were 
reported  to  effectively  inhibit  the  protease  activity  of  both  BoNT/ 
A  LC  and  BoNT/A  holotoxin  [16].  These  results  raised  the  likelihood 
that  quinolinol  derivatives  can  be  therapeutic  against  BoNT.  Quin- 
olinols  also  showed  anti-tumor  activities  [17,18].  Since  the  exact 
mechanism  of  inhibition  by  this  class  of  compounds  remains  to 
be  elucidated,  we  sought  to  analyze  their  inhibition  and  binding 
to  BoNT/A  LC.  Preliminary  studies  revealed  a  disparate  range  of 
the  concentrations  for  binding  and  inhibition  suggesting  that  the 
inhibition  may  be  affected  by  the  high  concentration  of  peptide 
substrate,  the  zinc  ions  in  the  buffer  and  at  the  active  site  of  the 
zinc  protease,  the  temperatures  or  pH  of  the  buffers. 

The  interactions  of  zinc  ion  and  protease  inhibitors  with  the 
BoNTs  appear  to  be  complex.  Holotoxin  BoNT/A  stripped  of 
loses  the  protease  activity  but  activity  can  be  restored  by  exogenous 
Zv?^  [19].  The  three-dimensional  structures  of  the  BoNT/A  LC  were 
essentially  the  same  after  stripping  of  Zn^""  [15,20].  A  zinc  chelator, 
bis(5-amidino-2-benzimidazolyl)methane  (BABIM),  binds  to  both 
the  light  chain  and  the  holotoxin  of  BoNT  serotype  B,  but  very  dif¬ 
ferent  inhibitory  actions  on  the  two  forms  of  the  protease  were 
found  [21,22].  Both  small-molecule  and  peptide  inhibitors  bind  to 
the  Zn^""  at  the  active  site  of  BoNT/A  LC.  Hydroxamates  and  the  pep¬ 
tide  inhibitor,  CRATKML,  bind  directly  to  the  Zn^""  with  either  two 
oxygens,  or  an  oxygen  and  a  sulfur,  respectively.  The  inhibitory 
binding  mode  of  the  peptide  inhibitor  CRATKML  evidently  involves 
the  coordination  of  Zn^""  by  the  cysteine  in  CRATKML  as  determined 
by  X-ray  crystallography  [20,23].  Elucidation  of  the  roles  of  zinc 
ions  and  the  peptides  on  the  binding  and  inhibition  of  BoNT/A  LC 
by  quinolinols  should  provide  insights  for  the  development  of 
inhibitors  of  BoNTs  as  well  as  zinc  proteases  in  general  [24]. 

In  this  paper,  we  examined  the  inhibition  and  binding  of  BoNT/ 
A  LC  with  the  quinolinol  derivatives  and  peptide  inhibitors  by  en¬ 
zyme  kinetics,  fluorescence  studies,  removal  of  Zn^""  from  the 
BoNT/A  LC  active  site,  and  molecular  modeling.  Here  we  show  that 
the  effective  quinolinol  inhibitors  bind  to  Zn^'"-free  BoNT/A  LC  and 
peptide-BoNT/A  LC  complexes.  The  results  suggest  that  the  inhib¬ 
itory  structure  corresponds  to  the  QAQ.  binding  mode  to  the  pep- 
tide-BoNT/A  LC  complex.  The  modes  of  QAQ.  inhibition  have 
signiflcant  implications  for  their  use  and  provide  a  rationalization 
for  their  different  effects  in  various  assays. 

Materials  and  methods 

Materials 

QAQ  BAPQ  CAPQ  and  NAPQ  were  custom-synthesized  by 
GLSynthesis  (Worchester,  MA),  with  identity  confirmed  by  mass 
spectrometry  and  the  purity  by  HPLC  of  greater  than  98%.  Peptides 
including  Ac-CRATKML-NHs,  Peptide  C  (Ac-EKADSNKTRIDEAN- 
CRATKMLGSG-NH2)  and  Peptide  Cl  (Ac-EKADSNKTRIDEANAR- 
ATKMLGSG-NH2)  were  prepared  and  purified  by  C  S  Bio  Co., 
Menlo  Park,  CA.  The  purity  was  greater  than  95%  based  on  the  HPLC 
chromatograms.  SNAPtide  (o-Abz/Dnp)  was  purchased  from  List 
Biological  Laboratory  and  was  used  according  to  manufacturer’s 
instructions  unless  otherwise  specified.  Truncated  BoNT/A  LC  (1- 
425)  was  a  kind  gift  of  J.  Barbieri  (Medical  College  of  Wisconsin) 
and  was  used  for  fluorescence  titration  and  for  microtiter  protease 
assays  using  full-length  SNAP-25  as  the  substrate  [25].  BoNT/A  LC 
fused  with  SUMO  was  constructed  [26]  and  will  be  presented  else¬ 
where.  Test  compounds  were  stored  at  -20  °C  until  use. 

Fluorescence  measurements 

All  fluorescence  measurements  were  made  in  lOmM  sodium 
phosphate  (pH  7.4),  150mM  NaCl,  and  10  pM  zinc  acetate  at 


25  °C  using  SPEX  Eluomax  and  0.4  x  0.4  x  3  cm  microcuvettes  un¬ 
less  otherwise  specified.  The  intrinsic  fluorescence  of  the  light 
chain  was  determined  at  323  nm  with  an  excitation  wavelength 
of  280  nm.  Samples  with  an  absorbance  at  280  nm  greater  than 
0.02  were  corrected  for  the  inner  Alter  effect.  The  intrinsic  fluores¬ 
cence  of  the  light  chain  exhibited  two  exponential  decays  and 
slowly  stabilized  by  60  min  to  70%  of  the  initial  fluorescence  after 
diluting  the  stock  solution  to  the  above  buffer.  The  fluorescence  de¬ 
cays  consisted  of  two  single  exponentials  and  the  rate  constants 
were  independent  of  the  protein  concentration.  The  fluorescence 
decreases  were  consistent  with  the  dissociation  of  BoNT/A  LC  di¬ 
mers  to  monomers  or  conformational  changes  upon  the  dilution 
of  BoNT/A  LC.  However,  the  exact  cause  was  not  clear.  All  light 
chain  samples  were  thus  pre-incubated  in  the  above  buffer  for 
60  min  at  25  °C  before  measuring  fluorescence. 


removal  and  Zn^''  assay 

To  remove  the  Zn^""  in  the  light  chain,  the  protein  was  incubated 
in  a  buffer  containing  10  mM  EDTA  and  150mM  sodium  phos¬ 
phate  (pH  7.5),  and  then  dialyzed  against  the  same  buffer  at  4  °C 
overnight,  and  then  re-dialyzed  at  4  °C  against  2500  volumes  of 
150mM  sodium  phosphate  (pH  7.5)  pretreated  chelex-100  with 
two  changes  overnight.  The  resulting  light  chain  stripped  of  Zn^"" 
was  stored  at  4  °C  and  contained  no  detectable  Zn^""  at  8  pM  light 
chain  as  determined  by  the  4-(2-pyridylazo)resorcinol  (PAR)  indi¬ 
cator  assay.  The  PAR  Zn^""  assay  was  carried  out  as  described 
[27].  Briefly,  protein  samples  were  incubated  in  6  M  guanidinium 
chloride,  30  mM  sodium  phosphate  (pH  7.5),  and  100  pM  PAR  at 
25  °C  for  15  min.  The  absorbance  of  PAR  in  complex  with  Zn^""  at 
500  nm  was  determined.  The  amounts  of  Zn^""  in  the  protein  sam¬ 
ples  were  obtained  by  interpolating  onto  a  standard  curve  of  zinc 
acetate  with  PAR  in  the  same  buffer. 


Determination  of  the  dissociation  constants 

The  fluorescence  of  BoNT/A  LC  (0.2  pM)  in  250  pi  of  10  mM  so¬ 
dium  phosphate  (pH  7.4)  and  10  pM  zinc  acetate  at  323  nm  (2ex  at 
280  nm)  was  monitored  in  the  presence  of  various  concentrations 
of  quinolinol  derivatives  in  a  microcuvette  (0.4  x  0.4  x  3  cm)  by 
adding  1  pi  aliquots  of  inhibitor  in  the  same  buffer  at  an  increment 
in  a  range  of  0.02-0.2  pM  unless  otherwise  specifled.  The  changes 
in  the  fluorescence  (Af)  and  the  extent  of  binding  (a)  were  used  to 
calculate  Kq  based  on  the  fluorescence  quenching  of  the  BoNT/A  LC 
(Eq.  (1))  as  follows: 

af  ^  Fq-F  ^Xb 

max  pQ  ~  P max  pQ 

_  (Eo  +  Xo  +  X)  -  [(£0  +  Xo  +  Kf  -  4£oXol’^' 

2£o  ^  ’ 

where  Fq,  F,  and  F^ax  are  the  BoNT/A  LC  intrinsic  fluorescence  inten¬ 
sities  with  excitation  at  280  nm  and  emission  at  323  nm,  in  the  ab¬ 
sence  of  the  inhibitor,  in  the  presence  of  limiting  concentrations  of 
inhibitor,  and  in  the  presence  of  a  saturating  concentration  of  inhib¬ 
itor,  respectively.  Xq  is  the  total  concentration  of  inhibitor,  Xb  is  the 
concentration  of  the  BoNT/A  LC-bound  inhibitor,  and  Eq  is  the  total 
BoNT/A  LC  concentration.  The  solution  of  the  quadratic  equation 
was  obtained  using  the  equilibrium  constant  equation  [28].  The 
monomeric  light  chain  was  found  to  have  one  binding  site  at  satu¬ 
rating  concentrations  of  the  inhibitors.  Sigmaplot  was  used  for 
hyperbolic  and  exponential  fitting  and  data  analysis  is  reported  as 
tstandard  error. 
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Determination  of  Michaelis-Menten  kinetic  constants 

SNAPtide  was  used  as  the  substrate  for  analyzing  the  solution 
kinetics  of  protease  inhibition.  SNAPtide  protease  assays  were  car¬ 
ried  out  in  10  mM  potassium  phosphate,  pH  7.4,  10  pM  zinc  ace¬ 
tate,  and  150  mM  NaCl  at  25  °C  unless  otherwise  specified. 
SNAPtide  was  incubated  with  and  without  the  inhibitor  at  room 
temperature  in  the  above  buffer  in  the  presence  of  varying  concen¬ 
trations  of  SNAPtide.  The  reactions  were  initiated  by  the  addition 
of  BoNT/A  LC.  The  protease  activity  was  monitored  by  the  initial 
rates  of  the  increase  of  fluorescence  intensity  at  420  nm  with  an 
excitation  wavelength  of  320  nm.  All  reactions  were  carried  out 
to  less  than  5%  completion.  The  results  were  analyzed  using  Sigma- 
plot  and  the  Michaelis-Menten  equation  to  obtain  the  Michaelis- 
Menten  constants  and  maximal  velocities. 

Modeling  using  quantum  mechanics  and  molecular  mechanics  (QM/ 
MM) 

The  X-ray  crystal  structure  of  the  catalytically  active  light  chain 
of  BoNT/A  (PDB:  IXTG)  without  the  bound  endopeptide,  was  used 
in  this  study.  Inconsistencies  between  the  PDB  format  and  the  LC 
residue  library  translation  to  atomic  potential  types  were  corrected 
manually.  The  LC  was  minimized  using  the  DISCOVER  (Accelrys, 
San  Diego,  CA)  program’s  CFF91  force  field  with  distance-depen¬ 
dent  dielectrics. 

The  inhibitors  were  retrieved  as  2D  structures  from  the  NCI 
database  and  were  geometrically  optimized  using  standard 
MMFF94  force  field,  with  a  0.001  kcal/mol  energy  gradient  conver¬ 
gence  criterion  employing  Gasteiger  charges.  Full  geometric  opti¬ 
mization  and  charges  were  calculated  by  the  MP2/6-311G*" 
approach  using  Gaussian03.  Docking  simulations  were  performed 
using  FlexX  [29].  FlexX  treats  metal/ligand  interactions  as  ionic 
interactions.  The  best  conformation  in  the  active  site  was  selected 
irrespective  of  the  scoring  function  from  the  top  120  conforma¬ 
tions  generated  by  FlexX.  The  following  criteria  were  used:  (1) 
the  distance  cut-off  was  set  to  2.5  A  between  the  ligand  interacting 
atom  and  the  catalytic  Zn^\  (2)  the  FlexX  docked  conformations 
are  based  on  the  maximum  possible  interactions  (hydrophobic, 
Zn  coordination,  electrostatic,  H-bond,  etc.)  with  the  target  cata¬ 
lytic  active  site,  and  3)  the  agreement  docking  approach  [30].  The 
Zn^'"-coordinated  histidine  residues  were  treated  as  the  neutral 
form  with  the  hydrogen  on  NDl,  while  other  histidine  residues 
used  the  default  option  with  hydrogen  on  NE2.  Glutamate  and 
aspartate  residues  were  treated  as  the  charged  form  as  the  default. 

The  best  docked  geometries  were  further  selected  as  follows:  a 
modified  CFF91  was  used  to  allow  for  the  inclusion  of  the  Zn^\  its 
ligands,  and  their  nearest  closest  neighbors.  The  parameters  for 
these  new  potential  types  were  estimated  from  quantum  mechan¬ 
ical  calculations  on  a  Zn^'"-coordinated  system.  During  the  refine¬ 
ment,  the  Zn^""  and  residues  coordinating  it  were  fixed  in  their 
original  coordinates.  The  cut-off  for  non-bonded  interaction  ener¬ 
gies  was  set  to  oo  (i.e.,  no  cut-off).  The  structures  were  gradually 
relaxed,  to  avoid  unrealistic  movements  of  the  enzyme  caused  by 
computational  artifacts.  The  dielectric  constant  was  set  at  4  to  ac¬ 
count  for  the  dielectric  shielding  found  in  proteins.  Each  minimiza¬ 
tion  was  carried  out  in  two  steps  by  first  using  the  steepest  descent 
minimization  for  200  cycles,  and  subsequently  using  conjugate 
gradient  minimization  with  a  gradient  criterion  of  0.01  kcal/mol. 
All  atoms  within  1 5  A  of  the  inhibitor  were  allowed  to  relax  during 
the  minimization.  The  minimized  complexes  were  subjected  to  MD 
simulations  using  the  DISCOVER  module  of  Insight  11  (DISCOVER, 
Accelrys  Inc.,  San  Diego).  MD  simulations  consisted  of  an  initial 
equilibration  of  5  picoseconds  (ps)  followed  by  100  ps  dynamics 
at  300  K.  The  final  structure  of  the  complex  at  the  end  of  the  MD 
simulation  was  subjected  to  5000  steps  of  the  steepest  descent  en¬ 


ergy  minimization  followed  by  conjugate  gradient  energy  minimi¬ 
zation.  For  all  of  the  above  calculations,  a  distance-dependent 
dielectric  constant  and  non-bonded  distance  cut-off  of  20  A  were 
used. 

The  inhibitor-enzyme  complexes  were  further  simulated  using 
the  QM/MM  approach.  By  adopting  Eq.  (2)  to  describe  the  binding 
energy  of  BoNT  with  an  inhibitor,  the  binding  energy  AF  can  be  cal¬ 
culated  as: 

AF  —  /pcomplexv  _  /pligand  s  _  /preceptors  /on 

^A^Q,M/MM  —  \-t^QM/MM/  QM/MM/  X-^QM/MM/ 

SA/here  the  energies  and  correspond  to  the 

enzyme-inhibitor  complex,  the  free  inhibitor  and  the  free  enzyme, 
respectively.  The  QM  region  consisted  of  residues  within  7  A  of  the 
Zn^"",  the  entire  inhibitor,  and  the  Zn^"".  The  rest  of  the  protein  was 
considered  the  MM  region.  The  QM  and  MM  regions  interact  by 
electrostatic  interactions  between  MM  point  charges  and  the  QM 
wave  function,  and  by  van  der  Waals  interactions  between  QM 
and  MM  atoms  [31].  This  partitioning  yielded  a  model,  described 
by  a  quantum  mechanical  method,  embedded  into  an  environment 
described  by  a  force  field.  The  amide  groups  (HN-CO)  were  included 
in  the  definition  of  the  quantum  mechanical  region.  For  the  QM  and 
MM  parts,  the  Density  Functional  Theory  (DFT)  B3LYP  method  and 
CFF91  force  field  were  used,  respectively.  All  charges  in  the  MM  re¬ 
gion  were  treated  using  the  CFF91  force  field.  The  B3LYP  method  is 
an  accurate  DFT  method  and  provides  better  geometries  and  ener¬ 
gies  than  those  from  correlated  ah  initio  methods  for  the  first-row 
transition  metal  complexes  [32].  The  6-31 1++G**  basis  set  was  used 
in  the  interface  region  between  the  QM  and  MM  region  and  the  dif¬ 
fuse  functions  are  recommended  when  using  the  transition  metals. 
All  the  hybrid  QM/MM  calculations  were  performed  using  the  Tur¬ 
bomole  and  Discover  software  incorporated  in  the  Insightll/Quan- 
teMM  program  (Accelrys  Inc.,  San  Diego,  CA). 

Results 

Tight  binding  of  quinolinol  derivatives  to  BoNT/A  LC 

The  structures  of  the  selected  quinolinol  inhibitors  used  in  this 
study  are  shown  in  Fig.  1.  The  interactions  of  these  quinolinol 
derivatives  with  BoNT/A  LC  were  first  characterized  by  their  K^s. 
The  intrinsic  fluorescence  of  BoNT/A  LC  was  effectively  quenched 
by  the  four  quinolinol  derivatives  at  mid-nanomolar  concentra¬ 
tions  (data  not  shown).  The  tight  binding  between  BoNT/A  LC 
and  the  quinolinol  derivatives  was  analyzed  using  Eq.  (1)  to  in¬ 
clude  corrections  for  the  change  of  concentrations  of  unbound  li¬ 
gand  (see  Materials  and  methods).  The  KdS  for  the  BoNT/A  LC 
complex  with  QAQ  BAPQ  CAPQ  and  NAPQ  were  0.020  ±  0.0013, 
0.142  ±0.021,  0.127  ±0.029  and  0.114  ±  0.022  pM,  respectively 
(data  not  shown).  QAQ  was  the  focus  of  the  subsequent  studies 
due  to  its  tight  binding  to  BoNT/A  LC.  Quinolinol  is  known  to  che¬ 
late  Zn^""  with  a  Kd  of  10“^  M  [33].  The  BoNT/A  LC  binding  study 
was  carried  out  in  the  presence  of  10  pM  zinc  acetate  to  alleviate 
the  chelation  of  Zn^""  from  the  active  site  of  BoNT/A  LC  by  quinoli- 
nols.  Similar  K^s  (18.6  ±4.1  nM  for  QAQ)  were  obtained  using  a 
buffer  without  Zn^'".  In  the  presence  of  10  mM  zinc  acetate,  which 
creates  a  large  excess  of  Zn^'",  the  affinity  of  QAQ  to  BoNT/A  LC  was 
reduced  but  the  binding  of  the  quinolinols  remained  tight  with  a 
Kd  of  214  ±  16  nM  (data  not  shown).  Thus,  the  binding  results  were 
consistent  with  the  tight  binding  of  the  quinolinol  derivatives  to 
BoNT/A  LC  and  in  part  through  chelation. 

Effects  of  temperature  and  pH 

We  sought  to  analyze  the  effects  of  varying  experimental 
parameters  such  as  temperature  and  pH  on  the  inhibitor  binding. 
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Fig.  1.  Structural  formula  of  the  four  quinolinol  derivatives  used  in  the  present 
study.  QAQ.(7-(phenyl(8-quinolinylamino)methyl)-8-quinolinol,  NSC  84096);  BAPQ. 
(7-((2-bromoanilino)(phenyl)methyl)-8-quinolinol,  NSC  84086);  CAPQ.(7-((4-chlo- 
roanilino)(phenyl)methyl)-8-quinolinol,  NSC  84090);  NAPQ.  (7-((4- 
(hydroxy(oxido)amino)anilino)(phenyl)methyl)-8-quinolinol,  NSCl  01 0).  Shown 
here  are  the  abbreviated  lUPAC  names  and  the  NSC  code  numbers  at  the  NCI  data 
base  (http://129.43.27.140/ncidb2/). 


Fig.  2.  Inhibition  of  BoNT/A  LC  protease  activity  by  QAQ.  Initial  reaction  rates  of  the 
SNAPtide  cleavage  catalyzed  by  0.2  pM  BoNT/A  LC  in  10  mM  phosphate  (pH  7.4), 
150  mM  NaCl  and  10  pM  zinc  acetate  at  25  °C  were  determined  at  changing  fixed 
concentrations  of  QAQ.  at  0  (solid  circle),  1  pM  (open  circle)  and  5  pM  (solid 
triangle)  and  varying  concentrations  of  SNAPtide.  The  reactions  were  initiated  by 
the  addition  of  BoNT/A  LC  and  the  fluorescence  intensity  at  420  nm  was  monitored 
with  an  excitation  wavelength  at  320  nm.  Reactions  were  less  than  5%  completion 
in  all  cases  to  maintain  valid  steady-state  measurements.  The  solid  lines  are  fitted 
lines  using  the  Michaelis-Menten  equation.  See  text  for  the  values  of  the  Michaelis- 
Menten  constants,  maximal  velocities  and  standard  errors. 


The  I<D  of  QAQ  to  BoNT/A  LC  increased  from  0.016  ±  0.0056  [iM  at 
25  °C  to  0.023  ±  0.0014  iiM  and  0.071  ±  0.022  iiM  at  37  °C  and 
42  °C,  respectively  (data  not  shown).  The  decreased  affinity  of  the 
BoNT/A  LC  corresponded  to  a  decrease  in  the  entropy  of 
135  J  mor^  of  the  QAQ  binding.  The  large  negative  binding  en¬ 
tropy  is  consistent  with  the  involvement  of  hydrophobic  interac¬ 
tions  in  the  QAQ  binding  to  the  BoNT/A  LC. 

We  next  examined  the  effects  of  changing  pH  of  the  buffer  on 
the  binding  of  QAQ  to  BoNT/A  LC.  When  the  pH  was  reduced  to 
5,  the  affinity  of  QAQ  to  BoNT/A  LC  decreased  slightly.  The  Kr,s  at 
pH  5  were  0.04  ±0.016,  0.096  ±  0.032  and  0.113  ±  0.048  pM  at 
25, 37  and  42  °C,  respectively  (data  not  shown).  The  slight  decrease 
in  affinity  could  be  partially  attributed  to  protonation  of  the  quin¬ 
olinol  amino  group  at  the  lower  pH.  The  lack  of  a  major  change  in 
the  /Cd  in  relation  to  temperature  and  pH  suggested  that  high  tem¬ 
perature  and  low  pH  were  unlikely  to  drastically  affect  the  affinity 
of  QAQ  to  BoNT/A  LC. 

Non-competitive  inhibition  of  BoNT/A  LC  by  QAQ 

The  Steady-State  kinetics  of  QAQ  inhibition  of  BoNT/A  LC  prote¬ 
ase  activity  were  examined  using  the  FRET  protease  assay  with 
SNAPtide  as  the  substrate  in  the  presence  of  excess  zinc  acetate 
(10  pM).  Varying  concentrations  of  SNAPtide  at  changing  fixed 
concentrations  of  QAQ  in  steady-state  kinetic  analysis  gave  nearly 
identical  Michaelis-Menten  constants  of  42.3  ±  2.42,  42.7  ±  2.27 
and  43.7  ±  3.76  pM  SNAPtide  at  0,  1  and  5  pM  QAQ  respectively 
(Fig.  2).  Under  the  same  conditions,  the  maximal  velocities  de¬ 
creased  from  5.64  to  4.2  pM/min  and  3.3  pM/min  for  0,  1  and 
5  pM  QAQ  respectively.  Since  QAQ  affected  the  maximal  velocity 
of  SNAPtide  cleavage  catalyzed  by  BoNT/A  LC  without  affecting 
the  Michaelis-Menten  constant  for  SNAPtide,  QAQ  appears  to  be 
a  non-competitive  inhibitor  of  BoNT/A  LC.  The  corresponding  inhi¬ 
bition  constant,  /<i,  for  QAQ  was  1.84  ±  0.12  pM. 

The  inhibition  of  BoNT/A  LC  by  QAQ  was  also  examined  by  the 
microtiter  assay  using  full-length  SNAP-25  [25].  The  IC50  of  QAQ 
was  0.93  ±0.032  and  1.21  ±  0.034  pM  in  the  presence  of  10  and 
250  pM  zinc  acetate,  respectively. 

Comparison  of  the  /Cd  from  fluorescence  titrations  of  QAQ  and 
BoNT/A  LC  with  the  effective  QAQ  concentrations  for  protease  inhi¬ 


bition  of  BoNT/A  LC  unexpectedly  showed  differences  of  nearly  two 
orders-of-magnitude.  These  results  are  not  likely  to  be  due  to  the 
experimental  parameters  of  the  binding  and  protease  assays,  such 
as  temperatures  (25  vs.  37  °C),  since  binding  studies  performed  at 
various  temperatures  and  pHs  showed  relatively  small  changes. 
The  differences  are  most  likely  due  to  the  different  peptide  concen¬ 
trations  (0  pM  in  binding  studies  vs.  10-200  pM  in  protease  as¬ 
says).  These  results  suggest  that  the  interactions  involved  in  QAQ 
binding  and  in  peptide  binding  may  be  important  in  understanding 
the  mechanism  of  QAQ  inhibition. 

Roles  of  Zn^'*'  chelation  in  quinolinol  inhibition 

Because  quinolinols  are  known  to  chelate  divalent  cations  [33], 
the  potential  roles  of  chelation  on  the  inhibition  of  BoNT/A  LC  pro¬ 
tease  activity  were  examined.  The  Zn^""  in  the  light  chain  is  re¬ 
quired  for  catalysis.  Whether  QAQ  inhibited  the  light  chain 
protease  activity  by  removing  Zn^""  from  the  light  chain  was  exam¬ 
ined  as  follows.  Zn^""  in  the  light  chain  was  first  stripped  by  incu¬ 
bating  with  10  mM  EDTA  followed  by  dialysis  against  Chelex-100 
pretreated  buffer.  The  stripping  of  Zn^""  was  confirmed  using  the 
chromogenic  PAR  assay  [27].  The  light  chain  stripped  of  Zn^""  that 
lost  the  protease  activity  as  monitored  by  real-time  SNAPtide  pro¬ 
tease  assay  was  instantaneously  restored  to  80%  activity  by  the 


Table  1 

Reactivation  of  BoNT/A  LC  stripped  of 


Rate  of  SNAPtide 
cleavage^ 

Zn^^ 

stoichiometry'^ 

BoNT/A  LC  in  Zn^"^-free  buffer 

100 

1.1 

BoNT/A  LC  in  10  pM  Zn^^ 

115 

Zn^^'-free  BoNT/A  LC  in  Zn^'*'-free  buffer 

0 

ND" 

Zn^^-free  BoNT/A  LC  in  10  pM  Zn^^ 

80 

^  Protease  activity  of  BoNT/A  LC  (0.2  pM)  was  determined  by  the  SNAPtide  FRET 
assay.  The  rates  are  shown  as  that  relative  to  native  BoNT/A  LC  in  zinc  free  buffer 
and  defined  as  100. 

^  The  Zn^^  content  was  determined  by  the  PAR  chromogenic  assay.  The  concen¬ 
tration  of  native  BoNT/A  LC  was  8  pM  in  150  mM  sodium  phosphate  (pH  7.5).  The 
concentration  of  Zn^'^-free  BoNT/A  LC  was  8  pM  in  Chelex-100  pretreated  150  mM 
sodium  phosphate  (pH  7.5)  (see  Materials  and  methods  for  details). 

Not  detectable. 
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addition  of  zinc  acetate  (Table  1).  Zn^'"-free  BoNT/A  LC  (0.2  jiM) 
was  titrated  with  QAQ.  in  Chelex-100  pretreated  buffer  containing 
lOmM  phosphate  (pH  7.4),  150mM  NaCl.  Binding  of  QAQ.  was 
monitored  by  the  change  in  the  intrinsic  fluorescent  intensity  of 
Zn^'"-free  BoNT/A  LC  induced  by  QAQ.  The  /Cd  determined  for 
QAQ  binding  to  Zn^'"-free  BoNT/A  LC  was  0.67  ±  0.05  pM  (data 
not  shown).  QAQ  inhibited  the  protease  activity  of  light  chain  with 
a  Ki  of  1.84  pM  in  the  presence  of  a  large  excess  of  Zn^""  relative  to 
that  of  QAQ  used.  The  fact  that  the  value  of  Ki  is  similar  to  that  of  /<□ 
for  QAQ  binding  to  the  Zn^'^-free  light  chain  suggests  that  QAQ 
inhibition  of  the  light  chain  protease  activity  depends  at  least  in 
part  on  the  Zn^'^-independent  binding  pocket.  The  QAQ  inhibition 
of  the  protease  activity  was  unlikely  due  to  the  removal  of  Zn^"" 
by  QAQ  from  the  light  chain  since  the  protease  activity  could  be 
immediately  restored  as  the  Zn^""  returns  to  the  light  chain  in  the 
presence  of  excess  Zn^"". 

Binding  of  Peptide  C  to  BoNT/A  LC 

To  further  probe  the  interaction  of  QAQ  with  BoNT/A  LC,  syn¬ 
thetic  peptide  with  the  amino  acid  sequence  corresponding  to 
SNAP-25  residues  El 83  to  G206  but  with  a  Q198C  mutation,  AcE- 
1<ADSN1<TR1DEANCRATKMLGSG-NH2,  abbreviated  as  Peptide  C, 
was  synthesized.  The  Cl  97  in  Peptide  C  was  incorporated  to  pre¬ 
vent  Peptide  C  from  being  cleaved  by  BoNT/A  LC.  The  binding  of 
synthetic  Peptide  C  was  first  examined  using  fluorescence  titration 
by  monitoring  the  fluorescence  intensity  of  BoNT/A  LC  upon  addi¬ 
tion  of  varying  concentrations  of  Peptide  C.  The  /<□  of  Peptide  C- 
BoNT/A  LC  complex  in  PBS  containing  10  pM  zinc  acetate  was 
found  to  be  0.04  ±  0.01  pM  as  determined  by  monitoring  the 
intrinsic  fluorescence  of  BoNT/A  LC.  The  IC50  of  the  Peptide  C  in 
PBS  containing  10  p  M  zinc  acetate  was  3.4  ±0.27  pM  as  deter¬ 
mined  by  the  SNAPtide  protease  assay. 

BoNT/A  LC  binding  of  QAQ  in  the  presence  of  Peptide  C 

The  binding  of  QAQ  to  BoNT/A  LC  at  indicated  fixed  concentra¬ 
tions  of  Peptide  C  was  analyzed  by  monitoring  the  intrinsic  fluores¬ 
cence  of  BoNT/A  LC.  The  /CqS  of  QAQ  to  BoNT/A  LC  were 
0.020  ±  0.0054,  0.066  ±  0.011,  0.124  ±  0.018,  and  0.224  ±  0.034  pM 
in  the  presence  of  0,  0.2, 1,  and  2  pM  Peptide  C,  respectively  (data 
not  shown).  Thus,  the  affinity  of  QAQ  to  BoNT/A  LC  was  moderately 
affected  by  Peptide  C. 

The  interactions  of  QAQ  with  BoNT/A  LC  were  next  examined  in 
the  presence  of  higher  concentrations  of  Peptide  C  (>10  pM).  Pig.  3 
shows  the  QAQ  binding  curves  with  BoNT/A  LC  in  the  presence  of 
20,  40,  and  60  pM  Peptide  C  as  determined  by  monitoring  the 
intrinsic  fluorescence  of  BoNT/A  LC.  The  binding  curves  evidently 
consisted  of  two  distinct  phases.  The  binding  at  low  concentrations 
of  QAQ  quenched  the  intrinsic  fluorescence  of  BoNT/A  LC  and  had  a 
similar  affinity  as  that  observed  in  the  absence  of  Peptide  C,  while 
the  second  phase  showed  fluorescence  enhancement.  The  biphasic 
binding  of  QAQ  in  the  presence  of  high  concentrations  of  Peptide  C 
suggested  that  the  second  phase  of  binding  occurred  at  a  much 
slower  rate  than  the  first  phase  such  that  second  phase  binding 
could  not  occur  simultaneously  with  the  first  phase  binding  to  give 
a  smooth  titration  curve.  Peptide  C  appears  to  bind  slowly  to  BoNT/ 
A  LC  and  the  fluorescence  enhancement  was  due  to  the  binding  of 
QAQ  to  the  complex  of  BoNT/A  LC  and  Peptide  C.  These  findings  led 
us  to  analyze  the  time  courses  for  the  kinetics  of  Peptide  C  binding 
to  BoNT/A  LC. 

Slow  binding  of  Peptide  C  to  BoNT/ A  LC 

The  time  courses  for  the  Peptide  C  binding  to  BoNT/A  LC  were 
determined  by  monitoring  the  time  dependent  changes  in  the 


Fig.  3.  Fluorescence  titration  of  BoNT/A  LC  with  QAQ.  in  the  presence  of  Peptide  C. 
The  intrinsic  fluorescence  of  BoNT/A  LC  (0.2  pM)  in  10  mM  phosphate  (pH  7.4), 
150  mM  NaCl,  10  pM  zinc  acetate  was  monitored  with  the  addition  of  varying 
concentrations  of  QAQ  in  the  presence  of  20  pM  (•),  40  pM  (O)  and  60  pM  (T) 
Peptide  C.  The  fluorescence  intensity  was  measured  at  323  nm  with  the  excitation 
wavelength  at  280  nm.  The  changes  of  the  fluorescence  intensity  with  the 
concentrations  of  the  inhibitors  were  analyzed  as  described  in  Material  and 
methods.  Solid  lines  are  fitted  curves  of  the  K^s  shown  in  the  text  using  Eq.  (1 ).  The 
solid  lines  were  fitted  lines  to  the  two  phases  of  fluorescence  changes  using  Eq.  (1 ). 

intrinsic  fluorescence  quenching  immediately  after  incubating 
with  Peptide  C  (Pig.  4).  Binding  of  the  Peptide  C  to  BoNT/A  LC 
was  slow  and  followed  pseudo-first  order  reaction  time  courses 
in  the  presence  of  a  large  excess  of  Peptide  C  in  comparison  to 
BoNT/A  LC.  The  second  order  rate  constant  for  Peptide  C  binding 
to  BoNT/A  LC  was  determined  from  the  observed  pseudo-first  order 
rate  constants  at  varying  concentrations  of  Peptide  C  and  found  to 
be  76.7  M-^  s'^ 


Binding  of  QAQ  to  the  BoNT/A  LC-Peptide  C  complex 

BoNT/A  LC  was  pre-incubated  with  varying  concentrations  of 
Peptide  C  for  60  min  at  25  °C  to  allow  the  formation  of  the  Peptide 
C-BoNT/A  LC  complex.  The  Peptide  C-BoNT/A  LC  complex  re¬ 
mained  intact  based  on  the  dissociation  rate  for  the  complex. 


Fig.  4.  The  time  courses  of  the  BoNT/A  LC  binding  of  Peptide  C.  The  fluorescence 
intensity  of  the  intrinsic  fluorescence  of  BoNT/A  LC  (0.2  pM)  in  10  mM  phosphate 
(pH  7.4),  150  mM  NaCl,  and  10  pM  zinc  acetate  was  monitored  immediately  after 
the  addition  of  Peptide  C  to  final  concentrations  of  Peptide  C  to  (•)  1.0  pM;  (O) 
5.0  pM;  (T)  20.0  pM  at  25  °C.  The  time  courses  were  fitted  according  to  first  order 
reaction  kinetics  and  provided  pseudo-first  order  rate  constants  of  0.077  ±0.012, 
0.103  ±  0.011  and  0.167  ±  0.016  min“L  at  1,  5  and  20  pM  Peptide  C,  respectively. 


Approved  for  public  release.  Distribution  is  unlimited 


80 


H.  Lai  et  al./ Archives  of  Biochemistry  and  Biophysics  491  (2009)  75-84 


Fig.  5.  Binding  of  QAQ.with  the  Peptide  C-BoNT/A  LC  complex.  BoNT/A  LC  (0.2  pM) 
was  pre-incubated  with  Peptide  C  at  (•)  1.0  pM  and  (O)  5.0  pM  in  10  mM 
phosphate  (pH  7.4),  150  mM  NaCl,  10  pM  zinc  acetate  for  60  min  at  25  °C  to  form 
the  Peptide  C-BoNT/A  LC  complex.  The  fluorescence  intensity  of  the  complex  was 
then  monitored  after  the  addition  of  varying  concentrations  of  QAQ.  The  titration 
curves  were  analyzed  using  Eq.  (1)  to  obtain  the  K^s.  The  K^s  for  QAQ.  in  the 
presence  of  1.0  and  5.0  pM  Peptide  C  were  2.33  ±0.14  and  4.63  ±  0.24  pM, 
respectively.  The  solid  lines  represent  the  fitted  lines. 

which  was  calculated  from  the  I<o  and  the  observed  second  order 
rate  constant  for  Peptide  C  binding  to  BoNT/A  LC  When  the  Peptide 
C-BoNT/A  LC  complex  was  titrated  with  QAQ,  BoNT/A  LC  showed 
additional  quenching  as  monitored  by  the  intrinsic  fluorescence 
of  BoNT/A  LC.  As  shown  in  Fig.  5,  the  I<dS  of  QAQ  to  BoNT/A  LC  were 
2.33  ±  0.14  and  4.63  ±  0.24  pM  in  the  presence  of  1  and  5  pM  Pep¬ 
tide  C,  respectively. 

The  I<dS  thus  obtained  correlated  with  the  IC50  of  QAQ  as  deter¬ 
mined  by  the  HPLC  protease  assay  for  BoNT/A  LC,  suggesting  that 
the  binding  mode  of  QAQ  to  BoNT/A  LC  in  the  presence  of  Peptide 
C  more  likely  resembles  its  inhibition  mode. 

BoNT/A  LC  binding  to  Peptide  Cl 

An  analog  of  Peptide  C  (Peptide  Cl )  with  an  alanine  substituting 
the  cysteine  in  Peptide  C  was  then  synthesized  to  analyze  the  effect 
of  cysteine  on  the  binding  of  QAQ  to  BoNT/A  LC.  Unlike  cysteine  in 
Peptide  C,  the  alanine  in  Peptide  Cl  is  unable  to  coordinate  the  Zn^"" 
in  BoNT/A  LC.  The  time  courses  of  the  Peptide  Cl  binding  to  BoNT/ 
A  LC  are  shown  in  Fig.  6A.  At  1  pM  Peptide  Cl,  BoNT/A  LC  exhibited 
a  monophasic  first  order  time  course  with  a  pseudo-first  order  rate 
constant  of  0.128  min“\  At  higher  concentrations  of  Peptide  Cl, 
binding  to  BoNT/A  LC  showed  two  exponential  biphasic  time 
courses.  The  fast  phase  had  pseudo-first  order  rate  constants  of 
0.263  and  0.515  min“^  at  5.0  and  20.0  pM  Peptide  Cl,  respectively. 
The  second  order  rate  constant  for  the  Peptide  Cl  binding  to  BoNT/ 
A  LC  was  323  s“^  for  the  fast  phase.  The  slow  phase  binding 

corresponded  to  pseudo-first  order  rate  constants  of  0.0936  and 
0.0681  min“^  at  5.0  and  20.0  pM  Peptide  Cl,  respectively.  The  slow 
phase  in  the  time  courses  for  Peptide  Cl  binding  to  BoNT/A  LC 
could  be  due  to  non-specific  binding  to  secondary  binding  sites 
in  BoNT/A  LC  or  to  secondary  slow  conformational  changes  of  the 
Peptide  Cl-BoNT/A  LC  complex. 

Binding  of  QAQ  to  the  Peptide  Cl  -BoNT/ A  LC  complex 

The  binding  of  QAQ  to  the  Peptide  Cl-BoNT/A  LC  complex  was 
next  examined.  BoNT/A  LC  and  Peptide  Cl  were  pre-incubated  for 
60  min  to  form  the  Peptide  Cl-BoNT/A  LC  complex.  Addition  of 
varying  concentrations  of  QAQ  to  the  Peptide  Cl-BoNT/A  LC  com- 


Fig.  6.  Interactions  of  BoNT/A  LC  with  Peptide  Cl  and  QAQ  (A)  The  time  courses  of 
the  binding  of  Peptide  Cl  to  BoNT/A  LC  The  fluorescence  intensity  of  the  intrinsic 
fluorescence  of  BoNT/A  LC  (0.2  pM)  in  10  mM  phosphate  (pH  7.4),  150  mM  NaCl, 
10  pM  zinc  acetate  was  monitored  immediately  after  the  addition  of  Peptide  Cl  to 
final  concentrations  of  Peptide  Cl  to  (•)  1.0  pM;  (O)  5.0  pM;  (T)  20.0  pM  at  25  °C. 
The  time  courses  were  fitted  according  to  first  order  reaction  kinetics  and  provided 
pseudo-first  order  rate  constants  of  0.13  ±0.0052,  0.26  ±  0.025  and 

0.51  ±0.096  min“L  at  1,  5  and  20  pM  Peptide  Cl,  respectively,  for  the  fast  phase 
of  the  biphasic  time  courses.  The  pseudo-first  order  rate  constants  for  the  second 
phases  were  0.0936  and  0.0681  min“^  at  5.0  and  20.0  pM  Peptide  Cl,  respectively, 
for  the  slow  phase  of  the  biphasic  time  course  at  high  concentrations  of  Peptide  Cl . 
The  solid  lines  represent  the  fitted  lines  to  single  exponential  time  courses.  (B)  QAQ 
binding  to  the  complex  of  BoNT/A  LC  and  Peptide  Cl.  BoNT/A  LC  (0.2  pM)  was  first 
pre-incubated  with  5.0  pM  Peptide  Cl  for  1  h  at  25  °C  to  form  the  Peptide  Cl -BoNT/ 
A  LC  complex.  The  fluorescence  intensity  of  the  complex  was  monitored  after 
additions  of  varying  concentrations  of  QAQ.  The  K^s  for  QAQ  to  BoNT/A  LC  were 
1.88  ±  0.18  and  3.13  ±  0.40  pM  in  the  presence  of  1.0  (•)  and  5.0  pM  (O)  Peptide  Cl, 
respectively.  The  solid  lines  are  fitted  curves  using  Eq.  (1). 


plex  resulted  in  additional  quenching  of  the  intrinsic  fluorescence 
of  BoNT/A  LC  (Fig.  6B).  The  /CqS  for  QAQ  binding  to  the  Peptide  Cl- 
BoNT/A  LC  complex  thus  obtained  were  1.89  ±0.18  and 
3.13  ±  0.40  pM  at  1  and  5  pM  Peptide  Cl,  respectively.  The  similar 
/<dS  of  QAQ  binding  to  the  Peptide  C-  or  Peptide  Cl-BoNT/A  LC 
were  also  obtained.  These  results  suggest  that  the  binding  of 
QAQ  to  BoNT/A  LC  was  little  affected  by  the  substitution  of  cysteine 
to  alanine  in  Peptide  C. 

Binding  mode  of  QAQ  to  BoNT/A  LC 

Fig.  7A  shows  the  geometrically  minimized  binding  model  of 
QAQ  obtained  using  the  QM/MM  method.  This  compound  has  very 
few  rotatable  bonds,  hence  it  possesses  restricted  conformations 
that  reduce  the  number  of  potential  binding  modes  it  may  assume 
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Fig.  7.  The  binding  mode  of  QAQ.with  BoNT/A  LC  from  QM/MM  simulations.  (A)  The  molecular  surface  of  the  BoNT/A  LC,  created  with  the  MOLCAD  module  of  Sybyl  7.0  is 
represented  by  green  with  active  site  interacting  residues  shown  by  atom  color.  QAQ.is  shown  as  stick  model  and  atoms  are  colored  in  coral.  The  catalytic  is  represented 
as  a  sphere  (colored  yellow).  (B)  Schematic  presentation  of  the  QAQ-BoNT/A  LC  complex.  coordination,  hydrogen  bonding  and  hydrophobic  interactions  are  depicted  for 
the  QAQ-BoNT/A  LC  complex.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


in  the  enzyme’s  catalytic  active  site.  As  seen  in  Fig.  7 A,  the  oxygen 
and  nitrogen  atoms  of  the  8-hydroxyquinoline  are  within  the  dis¬ 
tance  of  2.0  and  3.5  A,  respectively,  from  the  catalytic  Zn^"".  The  hy¬ 
droxyl  moiety  may  displace  the  water  molecule  that  is  used  during 
catalysis.  The  benzene  ring  of  the  ligand  points  toward  a  hydropho¬ 
bic  pocket  formed  by  the  aromatic  residues  F366  and  F369,  and  the 
non-polar  residues  L256  and  V68.  The  cationic  center  of  K66  is  lo¬ 
cated  near  the  centroid  normal  of  the  pi  system  of  the  benzene  ring 
but  the  ring  plane  is  slightly  twisted.  However,  the  distance  be¬ 
tween  the  s-amino  group  and  the  aromatic  ring  system  is  within 
4.5  A  and  thus  falls  within  the  cation-Ti  contact  distance  [34]  with 
the  ring.  The  quinoline  moiety  that  is  buried  deep  in  the  pocket 
forms  a  stacking  interaction  with  H223,  and  is  surrounded  by 
hydrophobic  ring  clusters  such  as  FI  63,  FI  94,  and  F266.  The  8- 
hydroxyquinoline  ring  is  stacked  with  H227,  makes  hydrophobic 
contacts  with  the  carbon  atoms  of  El 64,  and  cation-Ti  contacts 
with  R231.  The  cation-Ti  interactions  could  make  important  contri¬ 
butions  to  increased  affinity  [35].  Fig.  7B  shows  the  binding  mode 
of  QAQ.  to  BoNT/A  LC  with  the  distances  to  neighboring  residues 
and  Zn^""  and  with  the  hydrophobic  pocket  binding  the  benzene 
ring. 


Binding  mode  of  QAQ.  to  the  SNAP-25-BoNT/A  LC  complex 

The  binding  mode  of  QAQ  to  the  SNAP-25-BoNT/A  LC  complex 
(PDB  IXTG)  was  similarly  examined.  As  shown  in  Fig.  8A  and  B,  the 
active  site  pocket  in  BoNT/A  LC  bound  to  SNAP-25  can  accommo¬ 
date  QAQ.  The  QAQ  quinolinol  ring  N  and  hydroxyl  0  are  3.5  and 
5.7  A,  respectively,  away  from  the  Zn^""  in  the  active  site  and  could 
not  chelate  the  Zn^"".  Quinolinol  exocyclic  N  is  hydrogen  bonded  to 
the  carboxyl  0  of  Asp370.  Phe  163  and  Phe  194  form  a  hydrophobic 
wall  surrounding  the  quinolinol  and  quinoline  rings.  QAQ  was  thus 
deep  in  the  hydrophobic  pocket  near  the  active  site  of  BoNT/A  LC  in 
the  presence  of  SNAP-25. 


Discussion 

QAQ  is  the  first  small-molecule  inhibitor  of  BoNT/A  that  was 
found  to  be  effective  in  inhibiting  the  protease  activity  of  BoNT/A 
as  determined  by  biochemical  assay  and  in  reducing  the  toxicity 
of  BoNT/A  by  cell-  and  tissue-based  assays  [16].  In  this  study,  we 
set  out  to  elucidate  the  mechanism  of  QAQ  binding  to  BoNT/A  LC 
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Fig.  8.  The  binding  mode  of  QAQ.  to  the  SNAP-25  (141-204)-BoNT/A  LC  complex.  (A)  The  binding  pocket  is  labeled  with  amino  acid  residues  from  BoNT/A  LC  (gray  for 
hydrophobic,  blue  for  basic  and  red  for  acidic  residues),  the  Zn^"^  in  yellow,  the  SNAP-25  in  purple,  and  QAQ.  in  beige.  (B)  Schematic  presentation  of  the  QAQ  binding  mode 
with  the  SNAP-25  (141-204)-BoNT/A  LC  complex.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


and  QAQ.  inhibition  of  the  protease  activity,  and  also  to  establish 
the  actions  of  these  inhibitors  under  various  conditions.  QAQ 
bound  to  native  BoNT/A  LC  with  a  /<d  of  0.02  pM  as  determined 
by  monitoring  the  intrinsic  fluorescence  of  BoNT/A  LC,  and  that 
its  affinity  was  reduced  to  a  of  0.214  pM  at  high  concentrations 
of  Zn^""  but  was  not  significantly  affected  by  temperature  and  pH. 
QAQ  inhibited  the  protease  activity  with  a  /Cd  of  1 .84  pM.  Removal 
of  Zn^""  from  BoNT/A  LC  reduced  the  QAQ  affinity  to  a  /<d  of 
0.67  pM.  Thus,  the  QAQ  affinity  to  Zn^'"-free  BoNT/A  LC  correlated 
with  the  Ki  of  QAQ  as  determined  by  the  SNAPtide  assay.  Binding 
of  BoNT/A  LC  at  0.02  pM  QAQ  likely  involves  chelation  of  Zn^""  in 
the  active  site  of  BoNT/A  LC,  but  did  not  inhibit  the  protease  activ¬ 
ity.  QAQ  inhibition  of  the  protease  activity  could  not  be  due  to  the 
removal  of  Zn^""  from  the  protease  since  the  inhibition  was  ob¬ 
served  with  Zn^""  (10  pM)  in  excess  of  QAQ  and  Zn^""  re-binding 
to  Zn^'"-free  BoNT/A  LC  was  instantaneous.  Moreover,  the  inhibi¬ 
tion  was  observed  at  concentrations  much  higher  than  the  K^, 
(~0.01  pM)  expected  for  quinolinol  chelation  to  Zn^""  [33].  The 
binding  of  QAQ  to  Zn^'"-free  BoNT/A  LC  demonstrated  the  presence 
of  the  Zn^'"-independent  QAQ  binding  site  in  BoNT/A  LC. 

The  three-dimensional  structures  of  the  BoNT/A  LC  are  the  same 
with  or  without  Zn^""  [15,20].  It  appears  that  QAQ  binds  to  a  hydro- 
phobic  pocket  near  the  active  site  of  Zn^'"-free  BoNT/A  LC  (/<d  of 
0.67  pM),  and  chelates  Zn^""  at  the  active  site  of  BoNT/A  LC  in  the 
presence  of  zinc  (/<d  of  0.02  pM). 


The  steady-state  enzyme  kinetic  analysis  of  the  QAQ  inhibition 
of  BoNT/A  LC  protease  activity  was  consistent  with  non-competi¬ 
tive  inhibition  based  on  the  results  that  the  catalytic  constant 
was  reduced  with  increasing  concentrations  of  QAQ  and  the 
Michaelis-Menten  constant  did  not  change  (Fig.  2).  The  non-com¬ 
petitive  inhibition  pattern  suggests  the  QAQ  binds  to  the  enzyme- 
substrate  complex  and  the  free  form  of  enzyme.  The  observation 
that  QAQ  bound  to  Zn^'"-free  BoNT/A  LC  with  a  /<□  of  0.67  pM 
and  to  the  Peptide  C-BoNT/A  LC  complex  with  a  of  2.33  pM 
was  in  agreement  with  the  Ki  of  1.84  pM.  The  difference  between 
the  /<D  and  the  Ki  could  be  due  to  the  differences  in  the  types  of 
assays. 

Peptide  C  is  able  to  bind  to  BoNT/A  LC  and  inhibits  BoNT/A  LC 
protease  activity.  The  very  slow  binding  of  long  peptides  such  as 
Peptide  C  to  BoNT/A  LC  was  first  observed  based  on  the  unusual  bi- 
phasic  QAQ  binding  to  BoNT/A  LC  in  the  presence  of  Peptide  C 
(Fig.  3).  The  slow  binding  of  Peptide  C  to  BoNT/A  LC  was  in  contrast 
to  the  short  peptide  inhibitor  CRATKML,  which  did  not  show  slow 
binding  (Feng  and  Yang,  unpublished  data).  Based  on  the  observed 
second  order  rate  constant  (/<on)  of  76  s“^  and  the  /Co  of 

24.9  nM  for  Peptide  C  binding  to  BoNT/A  LC,  the  dissociation  rate 
constant  of  the  Peptide  C-BoNT/A  LC  complex  was  calculated  to 
be  1.91  X  10“®  s“\  The  peptide-BoNT/A  LC  complexes  would  not 
dissociate  in  days  based  on  the  observed  second  order  binding  rate 
constant  and  /Cd.  Such  slow  dissociation  allows  a  new  approach  in 
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developing  antagonists  of  BoNT/A  similar  to  the  very  tight  binding 
of  naturally  occurring  protease  inhibitors  such  as  soybean  trypsin 
inhibitor  to  trypsin. 

The  /Cd  of  QAQ.  to  BoNT/A  LC  in  the  presence  of  Peptide  C,  which 
contains  a  cysteine,  was  similar  to  that  in  the  presence  of  Cl ,  which 
replaces  the  cysteine  with  an  alanine,  suggesting  that  QAQ.  coordi¬ 
nation  to  the  in  BoNT/A  LC  did  not  play  a  major  role  in  the 
QAQ  binding  to  the  peptide-BoNT/A  LC  complexes.  The  coordina¬ 
tion  of  the  cysteine  in  CRATKML  with  the  in  BoNT/A  LC  has 
been  shown  by  X-ray  crystallography  [20].  The  cysteine  in  Peptide 
C,  which  contains  CRATKML,  is  also  likely  to  be  coordinated  to  the 
Zn^""  in  BoNT/A  LC.  However,  a  potent  peptidomimetic  inhibitor  in 
complex  with  BoNT/A  LC  adopts  a  helical  instead  of  the  extended 
conformation  of  bound  SNAP-25  [36].  Either  conformation  that 
Peptides  C  and  Cl  adopt  will  reduce  the  QAQ  access  to  the  Zn^"" 
in  the  active  site.  The  present  results  suggest  that  Zn^""  in  BoNT/A 
LC  plays  a  minor  role  in  the  QAQ  binding  to  the  peptide-BoNT/A 
LC  complexes. 

The  exact  nature  of  the  mechanism  for  the  slow  binding  of  long 
peptides  is  yet  to  be  determined.  Since  comparable  slow  binding 
was  observed  for  the  binding  of  both  Peptides  C  and  Cl  to  BoNT/ 
A  LC,  the  slow  binding  was  at  least  in  part  likely  due  to  the  exten¬ 
sive  interactions  of  peptides  with  BoNT/A  LC.  Long  peptides  could 
have  more  extensive  interactions  with  BoNT/A  LC  than  shorter 
peptides.  The  binding  of  long  peptides  to  BoNT/A  LC  could  necessi¬ 
tate  BoNT/A  LC  undergo  conformational  changes  or  it  could  require 
the  selection  of  specific  conformers  of  the  long  peptides  from  large 
conformation  ensembles  before  productive  binding  to  BoNT/A  LC 
can  occur.  The  later  scenario  is  plausible  considering  a  potent  pep¬ 
tidomimetic  inhibitor  adopts  a  very  different  conformation  from 
that  of  SNAP-25  [36].  Whether  or  not  the  release  of  natural  sub¬ 
strates  and  products  from  the  BoNT/A  holotoxin  resembles  the  re¬ 
lease  of  Peptides  C  and  Cl  from  BoNT/A  LC  is  not  known.  The  slow 
release  of  long  peptides  observed  in  the  present  study  raises  the 
possibility  that  this  event  is  one  of  the  factors  contributing  to  the 
prolonged  action  of  BoNT/A  in  vivo. 

Molecular  modeling  of  the  QAQ-BoNT/A  LC  complexes  in  the 
absence  and  in  the  presence  of  SNAP-25  provided  two  plausible 
binding  modes.  The  binding  mode  in  the  absence  of  the  peptide 
showed  that  QAQ  may  be  coordinated  by  the  Zn^""  in  BoNT/A  LC 
(Fig.  7),  while  QAQ  may  not  interact  strongly  with  the  Zn^""  in  the 
BoNT/A  LC-peptide  complex  (Fig.  8).  The  varying  extent  of  Zn^"" 
interaction  with  QAQ  in  the  two  different  binding  modes  likely 
contributed  to  the  large  differences  between  the  QAQ  KdS  with 
BoNT/A  LC  in  the  absence  (0.017  pM)  and  in  the  presence 
(4.63  pM)  of  long  peptides.  The  presence  of  Peptides  C  or  Cl  evi¬ 
dently  affected  the  interactions  of  QAQ  with  BoNT/A  LC.  The  KdS 
of  QAQ  binding  to  BoNT/A  LC  in  the  presence  of  Peptide  C 
(4.63  pM)  or  Cl  (3.13  pM)  were  much  greater  than  the  KdS  in  the 
absence  of  the  peptides  (0.02  pM).  It  is  likely  a  direct  consequence 
of  the  exclusion  of  QAQ  chelation  of  zinc  at  the  active  site  by  the 
binding  of  the  peptide  to  the  active  site  of  BoNT/A  LC.  This  is  con¬ 
sistent  with  the  observed  difference  between  the  /<□  of  the  BoNT/A 
LC  (0.02  pM))  and  that  of  the  Zn^-^-free  BoNT/A  LC  (0.67  pM).  Be¬ 
cause  the  observed  Kd  of  QAQ  in  the  presence  of  Peptide  C 
(4.63  pM)  or  Cl  (3.13  pM)  closely  correlated  with  the  Ki  and  IC50 
of  QAQ  as  determined  by  three  different  assays,  including  SNAPtide 
assays  (Ki  of  2.84  pM),  SNAP-25  microtiter  assays  (IC50  of  1.21  pM), 
and  HPLC  assays  (IC50  of  1. 6-4.7  pM  from  [16]),  the  binding  mode 
of  QAQ  in  the  presence  of  SNAP-25  (Fig.  8)  likely  resembles  the 
inhibitory  binding  mode.  Because  QAQ  reduced  the  catalytic  effi¬ 
ciency  of  BoNT/A  LC  as  shown  by  the  reduced  maximal  velocity, 
QAQ  likely  inhibits  the  formation  of  the  transition  state  intermedi¬ 
ate.  The  presence  of  two  binding  modes  for  an  inhibitor  of  BoNT/A 
LC  provides  new  insights  towards  protease-inhibitor  design.  The 
results  suggest  that  the  peptide  substrate  may  play  an  important 


role  in  the  action  of  the  inhibitor  and  thus  in  the  development  of 
inhibitors. 

Conclusions 

The  present  studies  demonstrate  QAQ  evidently  is  able  to  bind 
to  Zn^'"-free  BoNT/A  LC  and  the  peptide-BoNT/A  LC  complexes.  The 
QAQ  inhibition  of  the  protease  activity  was  not  due  to  chelation  or 
removal  of  zinc  ion  from  BoNT/A  LC.  QAQ  inhibited  the  zinc  prote¬ 
ase  activity  via  a  non-competitive  inhibition  mechanism.  QAQ 
binds  at  a  hydrophobic  pocket  of  BoNT/A  LC.  Molecular  modeling 
studies  of  the  QAQ-BoNT/A  LC  complex  in  the  absence  of  the  pep¬ 
tide  showed  that  QAQ  may  be  coordinated  by  the  Zn^""  in  BoNT/A 
LC,  while  in  the  presence  of  the  peptide,  QAQ  may  not  interact 
strongly  with  the  Zn^""  in  the  BoNT/A  LC-peptide  complex.  Long 
peptides  such  as  Peptide  C  and  Cl  were  found  to  bind  very  slowly 
and  tightly  to  BoNT/A  LC.  The  slow  and  tight  binding  of  the  long 
peptides  could  conceivably  allow  a  new  approach  for  the  peptide 
inhibitor  design.  The  insights  of  the  interactions  of  quinolinols 
and  peptides  with  the  zinc  protease  of  BoNT/A  should  aid  in  the 
development  of  inhibitors  of  metalloproteases  in  general. 
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